Successive applications of pig slurry and pig deep litter may lead to an accumulation of copper (Cu) and zinc (Zn) fractions in the soil profile. The objective of this study was to evaluate the Cu and Zn forms and accumulation in a Sandy Typic Hapludalf soil after long-term application of pig slurry and deep litter. In March 2010, eight years after initiating an experiment in Braço do Norte, Santa Catarina (SC), Brazil, on a Sandy Typic Hapludalf soil, soil samples were collected from the 0-2.5, 2.5-5.0, 5-10 and 10-15 cm layers in treatments consisting of no manure application (control) and with applications of pig slurry and deep litter at two levels: the single and double rate of N requirement for maize and black oat (1) 
INTRODUCTION
Pig slurry, generated from washing out the stalls with water, and pig deep litter, a residue from raising pigs on a layer of organic material, normally consisting of wood chips or straw from crops, has been used as a source of nutrients for crops in management systems such as no-tillage. The quantity of pig slurry or deep litter to be applied must be determined based on the dry matter percentage, nutrient concentration, and by the efficiency index. This index is related to the total quantity of nutrients contained in the manure which may be transformed from the organic to mineral form after soil application (CQFS-RS/SC, 2004) . Nevertheless, due to the large volume of manure produced on pig raising properties, manure applications are carried out repeatedly. Thus, over the years, one expects an increase in the soil contents of nutrient such as nitrogen (N), phosphorus (P), potassium (K), calcium (Ca) and magnesium (Mg) Guardini et al., 2012) , but also in trace elements, particularly of copper (Cu) and zinc (Zn) Popovic & Jensen, 2012) , which are transferred from pig feed to manure.
In the soil, Cu and Zn are retained by physicalchemical bonds, and their lability depends on the ligand, especially on the content of clay minerals, iron (Fe) oxides and hydroxides, aluminum (Al) and manganese (Mn), carbonates, and organic matter (McBride, 1994; Bradl, 2004) , but also on the pH value of the soil (Bradl, 2004) , cation exchange capacity (CTC) and the quality of organic matter. Therefore, these factors define Cu and Zn adsorption in the soil and are therefore found in different fractions in the soil, since naturally they are adsorbed at different energy levels (Casali et al., 2008; Girotto et al., 2010) . However, the increase of Cu and Zn contents in the soil because of frequent pig slurry and deep litter applications may affect the distribution of their fractions in the soil. Normally, Cu and Zn adsorption in the soil occurs primarily in the most avid binding sites and then the remaining trace elements are redistributed in fractions bound with less energy with, consequently, greater availability and mobility. Thus, frequent manure applications may increase the quantity of soluble and exchangeable Cu and Zn fractions in the soil, creating a risk of potential toxicity for plants, but also of potential water contamination, by transfer in runoff on the soil surface and leaching through the profile .
Various chemical methods are used in the laboratory to estimate the availability of elements that are potentially toxic to plants and microorganisms and their mobility in the soil profile. Most commonly, extractions are made with chemical products in an isolated manner, such as diluted acids, saline solutions (CaCl 2 , MgCl 2 , NH 4 OAc) and especially chelating agents, such as diethylene triamine pentaacetic acid (DTPA) and ethylenediamine tetraacetic acid (EDTA) (Schramel et al., 2000) . However, for some soils, the EDTA may be limited to estimate the trace element contents that are potentially toxic for plants or leachable . Thus, the data of availability of trace elements such as Cu and Zn, obtained by a single analysis method such as EDTA, may be improved by evaluation with chemical fractionation of Cu and Zn in the soil. This fractionation consists of sequentially applied chemical extractors, removing the Cu and Zn from the most labile to the most stable fractions (Tessier et al., 1979; . It is thus possible to separate the total quantity of trace element in the soils or sediments into bioavailable (soluble in water and exchangeable), potentially bioavailable (linked to clay minerals, oxides, carbonates, and organic matter) and residual (mineral structure) fractions (Tessier et al., 1979) . By this technique, it was observed, especially in soils receiving long-term Cu and Zn application via pig slurry and sewage sludge, that these two trace elements accumulate in the soil; Cu mainly in the organic fraction and Zn in the clay mineral fraction . However, studies on soils after long-term application of pig deep litter are scarce in Brazilian literature. The objective of this study was to evaluate Cu and Zn forms and accumulation in a Sandy Typic Hapludalf after long-term application of pig slurry and deep litter.
MATERIAL AND METHODS
The experiment was carried out on a swine farm in Braço do Norte, a municipality in the south of the State of Santa Catarina (SC), in southern Brazil (Latitude 28 o 14' 20.7''; Longitude 49 o 13' 55.5''; 300 m asl). The climate in the region is humid sub-tropical (Cfa), with an annual average temperature of 18.7 o C and annual average rainfall of 1,471 mm. The soil on the farm was a Sandy Typic Hapludalf (Soil Survey Staff, 1999) (Table 1) . In December 2002, in a naturalized pasture area of predominantly Paspalum notatum, Paspalum plicatulum, Eryngium ciliatum, and Stylosanthes montevidensis, after long-term, occasional application of pig slurry to the soil surface, 6 Mg ha -1 of limestone was applied (total neutralizing power = 87.5 %) on the soil surface without incorporation to raise water pH to 6.0 (CFS-RS/SC, 1994). In January 2003, the pasture was desiccated and five treatments were established: control (C); annual fertilization with pig slurry rates of 90 and 180 kg ha -1 N (PS90 and PS180) and annual fertilization with deep litter rates of 90 and 180 kg ha -1 N (DL90 and DL180). The recommended N rate for the pig slurry and deep litter treatments was 90 kg ha -1 N year -1 for Zea mays and Avena strigosa succession in a no-tillage system (CFS-RS/SC, 1994; CQFS-RS/SC, 2004). To calculate manure rates, the total N content of each manure type was used and the residual effect of this material on N availability in the second year was not considered. The dry matter and quantity of PS and DL applied are shown in table 2; however, over the years, the Cu and Zn contents in PS and DL were not determined. The residues were the only nutrient source applied to the system of crop succession over the years. The experiment was set up in a randomized block design with three replications, on experimental plots of 27 m 2 (4.5 x 6.0 m). Pig slurry was applied 32 times during the experimental period from 2002 to 2010 (four applications per year during Zea mays and Avena strigosa development). The residue was applied to the soil surface four times a year: before sowing corn, 51 and 95 days after sowing corn and 15 days after sowing black oat. In the same period (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , deep litter was applied eight times on the soil surface, around 15 to 30 days before sowing corn.
Soil collection and copper and zinc analysis in the soil profile
In March 2010, a trench (40 x 40 x 40 cm) was dug in the center of each experimental unit and soil was sampled (layers 0-2.5, 2. 5-5, 5-10, 10-15, 15-20 and 20-30 cm) . This soil was air-dried, ground in an 
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(2) Tedesco et al. (1995) . agate mortar and stored in three portions. The first part of the soil was analyzed for physical properties such as clay, sand and silt (Embrapa, 1997), as well as chemical properties, e.g., total organic carbon content (Embrapa, 1997), water pH; exchangeable Ca, Mg and Al; exchangeable K, and available P (Tedesco et al., 1995) ; these analysis results were published earlier by Guardini et al. (2012) . The second sample portion was analyzed for Cu (CuEDTA) and Zn levels (ZnEDTA) . The third soil portion was chemically fractionated and Cu and Zn contents determined (Tessier et al., 1979) . In triplicate, 1 g of soil was transferred to 50 mL Falcon polypropylene centrifuge tubes to which the following extractors were applied in sequence: 1) Soluble fraction: 8 mL of Mill-Q water; 2) Exchangeable fraction: 8 mL of 1.0 mol L -1 MgCl 2 solution at pH 7.0; 3) Fraction bonded to clay minerals: 20 mL of the solution 0.04 mol L -1 NH 2 OHHCl in 25 % (v/v) CH 3 COOH at pH 2.0; 4) Fraction linked to organic matter: 3 mL of 0.02 mol L -1 HNO 3 solution + 8 mL of 30 % H 2 O 2 adjusted to pH 2.0 with HNO 3 ; 5) Residual fraction: total digestion with HF and HClO 4 . Total Cu and Zn were analyzed in non-fractioned 1 g soil samples (Tessier et al., 1979) . After each extraction of the chemical fractionation, the samples were centrifuged at 3,500 rpm for 30 min and an aliquot of the supernatant was filtered and set aside for determination of the Cu and Zn content. Determination of the Cu and Zn contents in the solution was performed by Inductively Coupled Plasma Atomic Emission Spectrometry ICP-AES (Perkin Elmer, Optima 2100 DV). Determination of Cu and Zn extracted from other fractions was performed by Atomic Absorption Spectrometry. The glassware of all analyses was cleaned with 10 % HNO 3 and maintained in this acid for at least 24 h; after this period, the recipients were washed three times with deionized water.
Statistical data treatment
The contents of CuEDTA and ZnEDTA as well as the of the forms of the two elements were subjected to analysis of variance by the statistical program SISVAR (Ferreira, 2003) , with the model y ijk = µ + B i + W j + error a (i,j) + Dk + error b (i,k) + W.D jk = error c (i,j,k), where µ = general mean ; B = treatments (i = 1,2,3,4,5); D = depth (j = 1,2,3,4) and error = experimental error. When significant, the data were compared by the ScottKnott test (p<0.05).
RESULTS

Available copper and zinc in the soil profile
The natural contents of available Cu extracted by EDTA (CuEDTA) from the soil of the control treatment were 3.7 mg kg -1 in the 0-2.5, 2.5-5.0 and 5.0-10 cm layers, and 3.0 mg kg -1 in the 10-15 cm layer (Table  3) . These contents were equal among the layers. On the other hand, the natural contents of available Zn extracted by EDTA (ZnEDTA) were 10.3, 7.4, 4.4 and 2.1 mg kg -1 in the 0-2.5, 2.5-5.0, 5.0-10 and 10-15 cm layers, respectively (Table 3 ). In the PS90, PS180, DL90 and DL180 treatments, the greatest CuEDTA and ZnEDTA contents were observed in the surface layer, 0-2.5 cm. Nevertheless, in all layers evaluated, i.e., to a depth of 15 cm, CuEDTA and ZnEDTA contents were highest in DL180, treated with eight applications of pig deep litter between 2002 and 2010. Likewise, in all layers of the DL90 treatment, CuEDTA and ZnEDTA contents were lower than in DL180, but higher than in the control and of PS90 and PS180. The CuEDTA contents obtained in the 0- 2.5 and 2.5-5.0 cm layers of the PS90 and PS180 treatments were lower than those observed in DL90 and DL180, but greater than in the control treatment (Table 3 ). In the 5.0-10 and 10-15 cm layers, the CuEDTA contents in PS180 continued lower than those observed in the DL90 and DL180 treatment, but exceeded those found in the PS90 and control treatment. In the 5.0-10 and 10-15 cm layers of these two treatments (PS90 and control), the CuEDTA contents were equal. On the other hand, the ZnEDTA contents in the 0-2.5 and 2.5-5.0 cm layer in the PS90 and PS180 treatment were lower than in the DL90 and DL180 treatment, but greater than in the control treatment, as observed for the CuEDTA contents. But in the 5.0-10 and 10-15 cm layers, the ZnEDTA content in the PS90 and PS180 treatment was lower than in DL90 and DL180, but the content in PS180 was greater than in PS90 and the control, which were equal in these two layers (5.0-10 and 10-15 cm).
Copper fraction in the soil profile
The copper contents in the soluble fraction in the control treatment were equal in all soil layers (Table  4) . Copper contents in the soluble fraction increased to a depth of 10 cm in PS90 and in PS180, DL90 and DL180 the content increased to a depth of 5.0 cm. Nevertheless, the Cu contents were highest in the soluble fraction in all layers in the DL180 treatment, followed by DL90, similarly to the CuEDTA and ZnEDTA contents (Table 3) . Soluble Cu contents, in all soil layers of DL90 were higher than in the other treatments (control, PS90 and PS180). On the other hand, in the exchangeable Cu fraction, in PS90, contents were only high in the top soil layer (0-2.5 cm), but in PS180, the Cu contents in the exchangeable fraction increased to a depth of 10 cm (Table 4) . In DL90 and DL180, the Cu contents in the exchangeable fraction were highest to a depth of 5.0 cm. Nevertheless, in all layers, the greatest Cu contents in the exchangeable fraction were observed in DL180, in line with the Cu data in the soluble fraction.
Copper contents in the clay minerals and the organic matter fraction linked were equal in the layers evaluated in the control treatment, which agrees with the data obtained in the soluble Cu fraction (Table 4 ). In the Cu fraction linked to clay minerals and organic matter, the contents of the element in the PS180, DL90 and DL180 treatment were highest in the surface layer (0-2.5 cm). However, in the Cu fraction linked to organic matter in the PS90 treatment, the greatest contents of the element were observed to a depth of 5 cm. In the Cu fraction linked to clay minerals and the organic matter, the greatest contents of the trace element, in all layers, were observed in the soil of DL180, which agrees with the results of soluble and exchangeable Cu (Table 4) , followed by the contents observed in DL90. The Cu contents linked to clay minerals and the organic fraction, especially down to the 2.5-5 cm layer in the PS90 and PS180 treatment, were less than those observed in DL90 and DL180, but were greater than those observed in the control treatment.
The greatest Cu contents in the residual fraction, as well as in the total fraction, in the soil of the PS90, DL90 and DL180 treatments were observed in the 0-2.5 cm layer (Table 4) . However, in the residual fraction of PS180, the greatest Cu contents were observed to a depth of 5 cm. Nevertheless, in all layers, the Cu contents in the residual and total fraction were highest in DL180. Copper contents in the residual and total fraction in DL90 were lower than in DL180, but greater than in PS90 and PS180. Copper contents in the residual and total fraction in PS180 were higher than in PS90, but both were higher than in the control treatment.
Thus, according to the results presented (Table 4 ) and based on the data of Figure 1 , it may be observed that in the soil of the control treatment, at all depths, the greatest percentage of Cu was found linked to the residual fraction, followed by the fraction linked to organic matter and the fraction linked to clay minerals, with the lowest percentages linked to the exchangeable fraction and in solution (Figure 1) . Nevertheless, after the application of pig slurry (PS90 and PS180) and deep litter (DL90 and DL180), the percentage of Cu in the residual fraction diminished in comparison with the control treatment, especially in the two surface layers (0-2.5 and 2.5-5.0 cm). Copper, particularly in these two layers, was also linked to the residual fraction, but increased especially the percentage linked to the organic fraction, although there was also an increase in the percentage linked to clay minerals, which was lower than the percentage linked to the organic fraction. However, in the deepest soil layers, 5.0-10 and 10-15 cm, in all treatments, the highest percentage of Cu was observed in the residual fraction, but especially in DL180, DL90 and PS180. Percentage of copper in the residual fraction decreased in comparison to the control treatment because the percentage of the trace element linked to organic matter and to the clay minerals increased. In the 5.0-10 cm layer in the DL180, DL90 and PS180 treatments, the percentages of Cu linked to organic matter were similar to the percentage of Cu linked to clay minerals, but in the 10-15 cm layer, the greatest percentage of Cu was found in the residual fraction, followed by the fraction linked to clay minerals and the organic fraction.
Zinc fraction in the soil profile
Zinc contents in the soluble and exchangeable fraction in the soil of the control treatment were equal in all layers evaluated (Table 5 ). In the PS90 treatment, the Zn content in the soluble fraction was equal in the layers, in agreement with the results obtained in the control treatment. However, in PS90 and DL90, the greatest Zn contents in the soluble and exchangeable fraction were observed in the surface layer (0-2.5 cm). On the other hand, in DL180, the highest soluble Zn contents were observed to a depth of 5 cm, but in the exchangeable fraction, up to 2.5 cm, which agrees with the results obtained in the PS90, PS180 and DL90 treatment. Nevertheless, especially in the 0-5.0 and 5.0-10 cm layers, the soluble Zn contents were highest in DL180, which agrees with (Table 4 ). In the 0-2.5 and 10-15 cm layers, the soluble Zn contents were highest in the PS180, DL90 and DL180. It is worth emphasizing that in the 2.5-5.0 and 5-10 cm layers, the soluble Zn contents in PS180 and DL90 were equal, but lower than in DL180 and higher than in the PS90 and control treatments. In the exchangeable fraction, Zn contents in the 0-2.5, 2.5-5.0 and 5.0-10 cm layers were highest in the DL90 and DL180 treatment. But in PS180, the Zn contents in the exchangeable fraction, especially in the 0-2.5, 2.5-5.0 and 5.0-10 cm layers were lower than in DL90 and DL180, but higher than in PS90. In all layers, Zn contents in the exchangeable fraction in PS90, PS180, DL90 and DL180 were higher than in the control treatment.
The highest Zn contents linked to the clay mineral and organic matter fraction in the soil of the PS90, PS180, DL90 and DL180 treatments were detected in the surface soil layer (0-2.5 cm) ( Table 5 ). The Zn contents in the fraction linked to clay minerals in all layers were highest in DL180, which agrees with the contents determined in the fraction linked to organic matter, but in the 0-2.5, 2.5-5.0 and 5.0-10 cm layers. The Zn contents in the fraction linked to clay minerals and organic matter in DL90, with the exception of the 5.0-10 cm layer in the fraction linked to clay minerals, were lower than in DL180, but higher than in PS90 and PS180. In these two treatments and in the 0-2.5 and 5.0-10 layers, the Zn contents in the fraction linked to clay minerals were greater than in the control treatment, which was repeated in the Zn fraction linked to the organic fraction, but only in the 0-2.5cm layer.
Zinc contents in the residual fraction were equal in all soil layers of the control, PS90 and PS180 treatments (Table 5 ). However, in DL90, the Zn contents in the residual fraction were highest in the 0-2.5 cm layer; and in the DL180 treatment, highest contents were observed to a depth of 5.0 cm. The highest Zn contents in the residual fraction in the 0-2.5, 2.5-5.0 and 10-15 cm layers were found in DL90 and DL180, but in the PS90 and PS180 treatments, the Zn contents in the residual fraction were equal to the control. On the other hand, the Zn contents in the total fraction were highest to a depth of 5 cm in PS90 and to 2.5 cm deep in the PS180, DL90 and DL180 treatments (Table 5) . However, Cu contents in the total fraction were highest in the 0-2.5, 2.5-5.0 and 5.0-10 cm layers in DL180. The contents in the same fraction and layers observed in DL90 were lower than in DL180, but higher than in PS90 and PS180. Copper contents in the total fraction observed in these two treatments in the 0-2.5 and 2.5-5.0 cm layers were higher than in the control treatment. On the other hand, in the 10-15 cm layer, the Zn contents in the total fraction were equal among the treatments.
These data, but especially those listed in figure 2, show that in all layers of the control treatment, the greatest percentage of Zn was found in the residual fraction, followed by the clay minerals and exchangeable fraction, whereas a small quantity of the trace element was observed in the solution ( Figure  2 ). Nevertheless, with the application of pig slurry (PS90 and PS180) and deep litter (DL90 and DL180), the percentage of Zn in the residual fraction diminished in comparison with the control treatment, particularly in the three surface soil layers (0-2.5, 2.5-5.0 and 5.0-10 cm). In these three layers, Zn was also linked to the residual fraction, but especially the percentage linked to clay minerals increased, followed by the exchangeable fraction, with a very small increase in the organic fraction. In the 10-15 cm layer, the residual Zn fraction, especially in DL180, DL90 and PS180, decreased in comparison with the control treatment because Zn increased in the fraction linked to clay minerals and exchangeable fraction. However, Zn in the fraction linked to clay minerals increased most markedly in the 0-2.5, 2.5-5.0 and 5.0-10 cm layers in DL180 and DL90, followed by PS180.
DISCUSSION
Extraction by EDTA is frequently used to evaluate Cu and Zn availability to plants (Brun et al., 2001 ). The highest Cu and Zn contents extracted by EDTA (CuEDTA and ZnEDTA) in the surface layer (0-2.5 cm) (Table 3 ) of the soils treated with pig slurry (PS90 and PS180) and deep litter (DL90 and DL180) may be attributed to application of the organic sources of nutrients throughout the period from 2002 to 2010 on the soil surface, without incorporation, in no-tillage management. This fact is associated specifically to the binding of the trace elements to functional groups of different constituents of the mineral and organic phase (Schramel et al., 2000) . However, the Cu and Zn migrated to a depth of 15 cm in the soil profile of PS180, DL90 and DL180 (Table 3) , but quantities were highest in the soil of DL180, probably because deep litter has higher contents of nutrients, e.g., Cu and Zn, and of dry matter (Table 2) , than pig slurry. Migration of the trace elements may occur through water flow in the soil mass, through turbulent water flow in macropores and through cracks in the soil or even through bioturbation . For Zn, solute transport in the soil mass appears to be the most important mechanism since a fraction of the element tends to remain in the soil solution in free form or in soluble ion pairs (Citeau et al., 2003) , but also in the exchangeable fraction (Table 5, Figure  2 ). On the other hand, the free Cu content in the soil solution is very low due to its high reactivity with the functional groups, above all with those of the soil organic matter (Croué et al., 2003) (Table 4 , Figure  1) . Thus, its migration in the soil profile preferentially occurs in the colloidal form and, therefore, turbulent flow and bioturbation assume great importance (Citeau et al., 2003; Girotto et al., 2010) . In addition, part of the Cu and Zn may bond to organic acids of low molecular weight, increasing mobility in the soil profile (Wang & Mulligan, 2012) . The reason could be the formation of metal complexes with organic compounds of low molecular weight changes the balance between the metals in the labile form in the solid phase and in the soil solution and can therefore also increase the release of trace elements from the solid phase and, consequently, increase their mobility in the soil . Finally, mobility of Cu and Zn may have been facilitated by the sandy texture, low organic matter contents in the soil profile and the presence of clay mineral of the 1:1 type (kaolinite) in this study (Guardini et al., 2012) , reducing the adsorption capacity of the two trace elements. Moreover, a reduction of the water pH in the deepest soil levels (Guardini et al., 2012) may also have contributed to prevent the formation of innersphere complexes between Cu and Zn and functional groups of the organic and mineral fractions, increasing their availability and, consequently, their mobility in the soil .
Migration of the Cu and Zn in the soil profile may lead to contamination of underground water, especially under continuous applications of pig slurry and deep litter, as in the PS180, DL90 and DL180 treatments. Moreover, the high trace element contents in the soil, as diagnosed by CuEDTA, may lead to toxicity for plants. For example, Girotto et al. (2010) reported that a content of available Cu above 67.2 mg kg -1 extracted by EDTA from a Sandy Typic Hapludalf soil, with chemical properties similar to the soil of this study, caused physiological and biochemical stress in black oat plants 40 days after sowing, as reflected by a lower dry matter production of the above ground part. This must be avoided, since the cycling of nutrients through the cover plant species would be decreased, as well as the quantity of residues deposited on the soil surface, which are responsible for dissipating the kinetic energy of raindrops, especially in conservation systems, such as the no-till system adopted in this study.
The soluble and exchangeable Cu and Zn fractions are considered available in the soil (Tessier et al., 1979) . The application of pig slurry and deep litter on the soil surface from 2002 to 2010 increased the Cu and especially the Zn contents in the soluble fractions, but to a greater extent in exchangeable fractions, somewhat more pronounced in the surface soil layers, as in the 0-2.5 and 2.5-5.0 cm layers (Tables 4 and 5 , Figures 1 and 2) . Nevertheless, contents were highest in the soil treated with pig deep litter throughout the years, especially in DL180 (Table 4 and pig manure is rapidly decomposed and the released Cu and Zn increase the exchangeable fractions, quickly reaching equilibrium with the soil solution (Sposito, 1989) . But the increase of the fractions of the elements in the soil is proportional to the quantity applied through manure , which may be one of the explanations for the greater quantity of Cu and Zn in the solution and in the exchangeable fraction in DL180. It is worth noting that the Cu and the Zn in solution move as result of and in the direction of water flow, and may, for example, be transported to the root surface of plants where they can be absorbed (Marschner, 1995) . When the concentrations of trace elements in the solution are considered adequate, they supply the plant requirements for the elements, but when the concentrations are high or even increasing over time, (for example, not only, but especially in DL180), and if the deep litter applications are continued, the trace elements, in this case Cu and Zn, may reach toxic levels for plants as well as microorganisms (Ferreira et al., 2012) . In addition, Cu and Zn in the solution may be transported by the soil surface runoff solution since management is a no-tillage system, which may raise the concentration of the two trace elements in surface waters adjacent to the area of application of organic residue sources, which can even make them inappropriate for consumption after some years . Furthermore, the Cu and the Zn in the solution may migrate in the soil profile, as shown by the CuEDTA and ZnEDTA data ( Table 3 ).
The Cu contents in the solution increased, especially in the soil surface, down to the 2.5-5.0 cm layer in the treatments PS180 and DL90 and, especially, in DL180. The Zn contents in the solution increased most markedly in the 0-2.5 cm layer in the PS90 and DL90 treatments, as well as down to the 2.5-5.0 cm layer of DL180; the contents were lower than in the other fractions (fraction bonded to the clay minerals, organic matter and to the residual and total fractions). In addition, these contents in the soil solution, both for Cu and Zn, are similar to those found by Girotto et al. (2010) in the upper layers (0-4 cm) of a Sandy Typic Hapludalf soil treated with 17 successive applications of 80 m 3 of pig slurry in six years. The same authors report similar exchangeable Cu and Zn contents, in the same surface layers, near those obtained in this study.
Copper, especially in the surface layers (0-2.5 and 2.5-5.0 cm) of soil treated with pig slurry and deep litter and also in slightly deeper layers (5.0-10 cm), especially in the DL180, DL90 and PS180 treatments, was more accumulated in the organic fraction of the soil (Table 5 and Figure 1 ), but also in the fraction linked to clay minerals, reducing its accumulation in the residual fraction. The reason was the electron configuration [Ar]3d 10 4s 1 of Cu and its high reactivity with the functional groups containing S and N, in addition to the carboxylic and phenolic acids of soil organic matter (Croué et al., 2003; Casali et al., 2008) .
Thus, the phenomenon of Cu adsorption to the functional groups of organic matter appears to be predominant over the fraction linked to clay minerals, especially because in the pig slurry (PS90 and PS180) and deep litter treatments (DL90 and DL180), there was an increase in total organic carbon content in the surface soil layers through the years, but particularly in DL180 (Guardini et al., 2012) . Nevertheless, even with the increase of total organic carbon contents over the years, one expects saturation of the organic matter functional groups (Croué et al., 2003) and thus part of the Cu may be accumulated in the clay minerals. This could be an explanation for the increase in Cu content in the fraction linked to clay minerals also. However, the 1:1 type clay mineral (kaolinite) was predominant in the soil of this study (Guardini et al., 2012) , translating to a low capacity for adsorption of trace elements (McBride, 1994) and so the distribution of Cu can be expected in other more available forms. In contrast to the Cu contents found in this study, but similar to contents in Cu-poor soils , the Zn, in the control originally accumulated in the residual fraction, when treated with pig slurry and deep litter, increased its percentage in the fraction linked to clay minerals and exchangeable fraction, particularly in the 0-2.5, 2.5-5.0 and 5.0-10 cm layers of DL180, DL90 and PS180. This result is consistent with the electron configuration of this trace element, which is different from Cu and is distributed preferentially in the mineral and exchangeable fractions in the soil . These results are similar to those obtained by Girotto et al. (2010) , who obtained a percentage of 70 % of the sum of the Zn fractions linked to clay minerals in the surface layer (0-6 cm) in a Sandy Typic Hapludalf soil after 18 long-term applications of the pig slurry rate of 80 m 3 ha -1 . Regardless of the fractionation arrangement used, the residual fraction represents the most stable or non-available fractions of Cu and Zn (Tessier et al., 1979) . In the surface layers (0-2.5 and 2.5-5.0 cm) of pig slurry (PS90 and PS180) as well as deep litter treatments (DL90 and DL180), the residual Cu fractions were similar to the fractions found in the soil organic matter (Table 4 and Figure  1 ). However, in the deeper layers (5.0-10 and 10-15 cm), the level of Cu in the residual fraction was greater than in the organic fraction (Figure 1 ). The capacity of inactivating Cu in the residual fraction, especially in the surface soil layers, may be attributed to the higher levels of recalcitrant organic carbon, whereas in the deeper layers, to the greater clay content, amorphous inorganic materials and clay minerals, as well as reaction time (Tessier et al., 1979; Fernández-Calviño et al., 2009 ). On the other hand, highest Zn contents in the residual fraction were found in the deeper layers (5.0-10.0 and 10.0-15 cm) and especially in the pig slurry treatments (PS90 and PS180), which may be attributed to higher contents of clay, amorphous inorganic materials and clay minerals (Fernández-Calviño et al., 2009 ).
CONCLUSIONS
1. The applications of pig deep litter and slurry at doses equivalent to 90 kg ha -1 N increased the contents of available Cu and Zn in the surface soil layer, if the double of this dose was applied in pig deep litter or double this dose in pig slurry, Cu and Zn migrated to a depth of 15 cm.
2. Copper is accumulated mainly in the organic and residual fractions, and zinc preferentially in the clay mineral fraction, especially in the surface soil layers.
